Introduction
Hematopoiesis, the process by which mature blood cells of distinct lineages are produced from multipotent hematopoietic stem cells (HSC), is a highly orchestrated process, involving a hierarchy of progenitors with progressively restricted developmental potential 1;2 . Transcription factors play a key role in hematopoietic lineage commitment, depending on their expression levels as well as their interactions [3] [4] [5] . For example, the importance of E-proteins in the regulation of lymphocyte development was firmly established in the studies of two independently produced E2A knock-out mouse strains, which display a block in B-cell development and perturbed T-cell development [6] [7] [8] . During myeloid development, PU.1 and C/EBPα are up-regulated in the granulocyte/macrophage progenitors (GMP) during granulocyte and macrophage development, and down-regulated in the megakaryocyte/erythrocyte progenitors (MEP) 4;9 . They cooperate in the regulation of a number of myeloid specific genes, such as the granulocyte/macrophage colony-stimulating factor receptor α (GM-CSFRα), macrophage CSF rector (M-CSFR), and granulocyte CSF receptor (G-CSFR) [10] [11] [12] [13] . In comparison, GATA-1 and its co-factor FOG-1, which are required for erythroid differentiation, are up-regulated in MEPs and down-regulated in GMPs 4;14;15 . In addition, the antagonistic interaction between PU.1 and GATA-1 is critical in initiating the myeloid versus the erythroid program 16;17 .
Id2 is a member of the inhibitor of DNA binding protein (Id) family. Id proteins play important roles in regulating cell proliferation, differentiation and apoptosis [18] [19] [20] .
Mechanistically, Id proteins act as dominant negative regulators of other transcription factors and render them unable to bind DNA and regulate transcription. Id proteins bind only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013 . bloodjournal.hematologylibrary.org From to ubiquitously expressed bHLH transcription factors E proteins, and prevent E protein homodimerization or heterodimerization with tissue-restricted basic HLH (bHLH) proteins 21;22 . In addition to their interaction with E proteins, Id proteins have also been shown to interact with other transcription factors, including transcription factors from the ETS family, Pax family, and retinoblastoma protein RB [23] [24] [25] .
As negative regulators of E proteins, Id proteins have been implicated in the lymphocyte proliferation and developmental progression 26;27 . Over expression of Id1, Id2 or Id3 has similar effects on lymphocyte development [28] [29] [30] [31] . However which Id protein plays a physiological role during lymphocyte development is not clear. In this study, by analyzing Id2 knock-out mice and retroviral transduced hematopoietic progenitors, we demonstrated that Id2 is an intrinsic negative regulator of B cell development.
Furthermore, we identified novel Id2 function in erythroid development. Id2 regulation of erythroid development is mediated by its interaction with PU. 1 
Purification of hematopoietic progenitors and erythroblasts
Purification of hematopoietic progenitors was accomplished by staining BMC with purified rat antibodies specific for the following lineage markers: CD4, CD8, B220, TER119, Gr-1, and Mac-1 (Pharmingen 
Ter119
+ CD71 + erythroblasts were purified by multicolor-based sorting.
Retroviral transduction of EML, CMP, MEP, and BMC
MSCV-IRES-GFP and MSCV-Id2-IRES-GFP were transfected into Phoenix packaging cells (a gift from Dr. Gary Nolan, Stanford University) with pCL-eco plasmid by FuGENE 6 (Roche Applied Science) to produce infectious ecotropic retrovirus. The viral supernatants were collected 48 h after transfection and used to infect cells in the presence of 4 µg/ml Polybrene (Sigma-Aldrich). Briefly, BMC were harvested from C57BL/6 mice 3 days after treatment with 150 mg/kg 5-fluorouracil (5FU), and cultured in IMDM supplemented with 10% fetal bovine serum, 100ng/ml each of murine stem cell factor (mSCF), human Flt-3L (hFlt-3L), human thrombopoietin (hTPO), and 50ng/ml murine IL-6 (mIL-6) for 24 h. 5FU BMC were infected with MSCV-Id2-IRES-GFP or MSCV-IRES-GFP control retroviral vectors three times over a 36 h period, and then GFP + cells were isolated by flow cytometry. CMP and MEP were purified from C57BL/6 mice, and cultured in IMDM supplemented with 10% fetal bovine serum, 100ng/ml each of mSCF, hFlt-3L, hTPO, 50ng/ml mIL-6, and 10U/ml human erythropoietin (hEPO) for 24 h.
CMP and MEP were infected with MSCV-Id2-IRES-GFP or MSCV-IRES-GFP control retroviral vectors three times over a 36 h period, and then GFP + cells were isolated by flow cytometry. To induce erythroid development, CMP and MEP were cultured with mSCF (100ng/ml), hTPO (100ng/ml), and hEPO (40U/ml) for 4 days. To induce myeloid development, CMP and GMP were cultured with mSCF (100ng/ml), murine IL-3 (mIL-3, only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From 30ng/ml), and murine granulocyte monocyte colony stimulating factor (mGM-CSF 20ng/ml) for 4 days. EML cells were infected with MSCV-Id2-IRES-GFP or MSCV-IRES-GFP, and then GFP + cells were isolated by flow cytometry. To induce erythroid development, EML cells were cultured with mSCF (100ng/ml) and hEPO (40U/ml) for 5 days. To induce myeloid development, EML cells were cultured with mSCF (100ng/mL), atRA (10µM) and mIL-3 (30ng/ml) for 5 days, followed by atRA (10µM) and mGM-CSF (20ng/ml) for 5 days.
BM transplantation and FACS analysis
BMC (5x10 5 ) from Id2+/+ or Id2-/-mice (CD45.2) together with BMC (5x10 5 ) from C57BL/6 (CD45.1) mice were transplanted into C57BL/6 (CD45.1) recipient mice exposed to 9.5 Gy (950 rad) from 137 Cs source. Hematopoietic reconstitution was 
Real-time PCR
only.
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Luciferase reporter assays
For M-CSFR luciferase assay, 300ng PU.1-pECE, 100ng M-CSFR-Luc, and 25ng phRL4.7 were co-transfected into inducible U2OS-Id2 cells. For p4.2 luciferase assay, 300ng pcDNA-GATA-1, 500ng PU.1-pECE, 100ng p4.2-Luc, and 25ng phRL4.7 were co-transfected into inducible U2OS-Id2 cells. Id2 expression was induced 24hr after transfection. Luciferase activity was examined 24hr after Id2 induction using Dual-Glo™ Luciferase Assay Kit (Promega) and normalized to renilla activity.
Immunoprecipitation
Whole cell lysates from EML, EML-GFP, EML-Id2-GFP, EML-NS-shRNA, or EMLId2-shRNA were prepared with the RIPA Lysis Buffer (Santa Cruz Biotechnology).
Immunoprecipitation with anti-PU.1 antibody or rabbit IgG (Santa Cruz Biotechnology) was performed in RIPA buffer. Immuno-complex were resolved on NuPAGE® Novex 4-12% Bis-Tris Gel (Invitrogen), transferred to Immobilon-P membrane (Millipore), and probed with anti-Id2 antibody or anti-GATA-1 antibody (Santa Cruz Biotechnology). Id2-/-and Id2+/+ mice (Fig 1A and 1C) . These data suggest that Id2 functions in early B cell development and early erythroid development.
To determine if the phenotypes of B cells and erythrocytes in Id2-/-are intrinsic to the hematopoietic stem cells, or due to the defect of the bone marrow microenvironment, (Fig 1D) . The percentage of erythroid cells in mice transplanted with Id2-/-BMC was significantly lower than that in mice transplanted with Id2+/+ BMC (Fig 1D) . These data suggest that Id2 intrinsically regulates B cell development and erythroid development.
Id2 is a negative regulator of early B cell development
To further evaluate Id2 function in B cell development, we infected BMC from We further asked if knocking-down Id2 can induce B cell development. We infected BMC from 5FU-treated mice with pRetro-Id2-shRNA retrovirus that expresses Id2 specific shRNA and GFP, or pRetro-NS-shRNA retrovirus that expresses nonspecific shRNA and GFP (Fig 3A) . GFP positive cells, BMC-Id2-shRNA or BMC-NS- (Fig 3D) . Furthermore, real-time PCR analysis showed that knocking-down Id2 in EML cells induced the expression of B cell specific genes, only.
For (Fig 3E) , indicating that knocking-down Id2 induces B cell differentiation in multipotent EML cells.
Id2 promotes erythropoiesis of erythromyeloid progenitors
To further evaluate Id2 function in erythroid development, we examined the effects of Id2 over expression and Id2 knock-down on erythroid reconstitution in mice transplanted with BMC-Id2-GFP, BMC-GFP, BMC-Id2-shRNA, or BMC-NS-shRNA.
Mice transplanted with BMC-Id2-GFP showed a significant increase of the percentage of
+ erythrocytes in BM compared to mice transplanted with BMC-GFP ( Fig   4A) . To determine if Id2 directly affects erythroid development, we compared the total cellularity of erythrocytes in the BM. We found the total cellularity of erythrocytes are higher in BMC-Id2-GFP recipients (Fig 4A) , indicating that Id2 promotes erythroid For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From Blot analysis (Fig 5A) . Erythroid differentiation was evaluated by Benzidine staining.
After 5 days culture, EML-GFP cells gave rise to 4±1% Benzidine positive cells, whereas EML-Id2-GFP cells gave rise to 25±5% Benzidine positive cells (Fig 5B) . In addition, EML-Id2-GFP cells gave rise to more BFU-E colonies than EML-GFP cells in colony forming assays (Fig 5C) . These data suggest that Id2 promotes erythropoiesis in multipotent EML cells. MEPs express higher level of Id2 (Fig 5D) . This dynamic expression of Id2 in hematopoietic progenitors suggests that Id2 may play a role in the commitment of early erythromyeloid progenitors.
To evaluate Id2 effects on erythroid commitment in early erythromyeloid progenitors, we transduced purified CMPs and MEPs with MSCV-Id2-IRES-GFP retrovirus or MSCV-IRES-GFP control retrovirus, and cultured these cells in medium containing mSCF, hTPO and hEPO to induce erythroid development. After 4 days, cells were analyzed for erythroid development by immunostaining for erythroid marker TER119, which is expressed in all erythroid precursors subsequent to the proerythroblast stage 33 . CMP-Id2-GFP gave rise to 47% TER119 positive cells, while CMP-GFP gave rise to 30% TER119 positive cells (Fig 5E) . Id2 effect was even more significant in MEPs. MEP-Id2-GFP gave rise to 44% TER119 positive cells, while MEP-GFP gave rise only.
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Id2 promotes erythroid development in progenitors that also have myeloid potential, suggesting that Id2 may lead to bias between myeloid and erythroid development.
Therefore, we evaluate the differentiation of EML-GFP, EML-Id2-GFP, CMP-GFP or CMP-Id2-GFP cells in conditions that promote myeloid development. EML-GFP or EML-Id2-GFP cells were treated with atRA and IL-3 for 5 days, followed by atRA and GM-CSF treatment for 5 days to induce granulocyte development. CMP-GFP or CMPId2-GFP cells were cultured in medium containing mSCF, mIL-3 and mGM-CSF to induce myeloid development. Granulocyte differentiation was determined based on Gr-1 and Mac-1 expression by FACS. EML-Id2-GFP cells gave rise to fewer neutrophils than EML-GFP cells. CMP-Id2-GFP gave rise to fewer Gr-1 + Mac-1 + neutrophils compared to CMP-GFP (Fig 5F) .
Id2 regulates erythroid development by modulating PU.1 and GATA-1 activities
Previous studies indicate that Id proteins regulate lymphoid development through E proteins 21;34 . This mechanism is further supported by the facts that Id2 over expression resembles the phenotype of E2A knock-out mice (Fig 2C) , and knock-down of Id2 induces the E2A target genes (Fig 3E) . However, the mechanism by which Id2 regulates erythroid development is completely unknown. Id proteins have been shown to bind and affect the transcriptional activity of Ets family transcription factors 24;35 . PU.1, a member of the Ets family, plays an essential regulatory role in erythromyeloid development. (Fig 6E) . To confirm the effect of Id2 on GATA-1 activity, we examined Id2 effect on the expression of GATA-1 target genes in EML cells and primary erythroblasts by real-time PCR. We found that over expression of Id2 in EML cells induced the expression of GATA-1 target genes including GATA-1, ELKF, EpoR, and alpha-globin (Fig 6F) . Conversely, the expression of GATA-1 target genes was lower in primary erythroblasts purified from Id2-/-mice compared to Id2+/+ mice ( Fig 6G) . These data indicate that Id2 can enhance the erythroid transcriptional activity of GATA-1. EML-GFP and EML-Id2-GFP were induced for myeloid development in IMDM containing 20% HS, mSCF (100ng/mL), atRA (10µM) and mIL-3 (30ng/ml) for 5 days, followed by atRA (10µM) and mGM-CSF (20ng/ml) for 5 days, and analyzed for Gr-1
and Mac-1 expression by FACS analysis. CMP-GFP, or CMP-Id2-GFP were induced for only.
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